Introduction 1
Over the last decade the investment in research and development of biopharmaceutical 2 spectrophotometer with UV-VIS 190-720 nm Zeiss probe (Zeiss ProcessXplorer software 1 version 1,3-Build 1.3.1.30), an FBRM G400 0.5-2000microns (Mettler Toledo with ic.FBRM 2 software version 4.3) and a JULABO F25-ME thermoregulator. The samples of vitamin 3 produced were analyzed using a Raman RXN1 microprobe (Kaiser) and an HPLC Agilent 4 1100 series (Hewlett Packard) with ChemStation software rev. A.09.03 [1417] . 5
Procedure for linear cooling experiments 6
Mixtures of water and ethanol and pure water were used as solvents for the linear cooling 7 experiments. The concentrations used were about 0.118-0.13 g/g solvent in water and ethanol 8 (saturation temperature of about 50 °C) and between 0.09 and 0.11 g/g solvent for water 9 (saturation temperature of about 60 °C). The material was dissolved and the hot solution was 10 filtered (using a filter paper) before starting the cooling profile because of the presence of 11 insoluble particles in the raw material. The solubility of vitamin B12 in water at different 12 temperatures was provided by the supplying company and is shown in Table 1 , while data for 13 ethanol/water mixtures at different temperatures was not available from the literature and the 14 amount of material donated was too small to accurately measure it. However, two inferential 15 curves of the solubility expressed as UV signal (absorbance value at 361 nm) were obtained 16 in order to compare two solvents. Those curves can also be directly compared with the UV 17 data in the Results and Discussion section (which is actually an absorbance and not a 18 concentration value). The curves were acquired by slow heating (0.075 °C/min) of two 19 slurries of vitamin B12 in water and ethanol/water. The amount of vitamin dissolved at any 20 time and temperature is proportional to the absorbance value recorded. Figure 3 shows the 21 inferential curves as well as the exact solubility in the two solvents at high temperatures (120 22 g/L ethanol/water solution at 53 °C, and 84 g/L water at 62 °C). The material was added to 23 the solvent at ambient temperature and then dissolved by heating the solution and keeping it 24 at high temperature for 15-20 min. In ethanol and water the higher temperature was around7 75 °C while in pure water it was around 70 °C. Four cooling rates were used: -0.075, -0.1, -1 0.5 and -1 °C/min (slower, slow, fast and faster cooling), both seeded and unseeded 2 experiments were performed. The cooling rates were chosen based on experience with similar 3 types of crystals, equipment and scale. [19] [20] [21] The final temperature after cooling was 5-6 °C. In 4 the case of the seeded experiments the mass of seeds was of about 2.5 % of the total solid 5 dissolved in the vessel. Seeds were obtained after three successive crystallizations of the raw 6 material. The same seeds were used for all the seeded experiments: crystals were in the form 7 of short needles with fairly homogenous width (around 40-60 μm) and variable length (up to 8 around 200 μm). At the end of the profile, the temperature was kept constant for few hours 9 (until both FBRM and ATR-UV/Vis signals stabilized); after that, crystals were filtered and 10 washed with acetone. CryPRINS was used to select the desired heating/cooling rate and to 11 monitor the UV and FBRM signals during the experiments. In addition to the linear cooling 12 experiments, three consecutive crystallizations of the same material were conducted using 13 ethanol and water or pure water as solvents. Recrystallizing the same material more than once 14 allows obtaining very pure crystals but the overall yield of the process is penalized. These 15 three experiments were conducted to check the purity that could be obtained by using 16 multiple steps of crystallization compared to a single linear cooling profile. Table 2 shows the 17 conditions of the experiments performed in this section. 18
HPLC analysis 19
The mobile phase for the HPLC analyses was prepared dissolving 7.4 g of and then adding 260 ml of methanol (Fisher Scientific). The solution pH was adjusted to 3.5 22 using 3 4 (Fisons analytical reagents). The solid samples were dissolved in purified water 23
(concentration of about 1 mg/ml). For the detection of the sample constituents the UV 24 wavelength at 351 nm was used. The flow rate applied was 0.8 ml/min for a total runningtime of 40 min for each sample. The temperature of the column was kept constant at 35 °C 1 and the injection size was 20 μl. The type of column used was an Analytical Column Waters 2 Spherisorb® 5μm C8 4.6×250 mm. The main peak at about 14 min corresponds to 3 cyanocobalamin while the other peaks are byproducts (50-carboxyl cyanocobalamin, 34-4 mehil cobalamin, 8-Epi-cyanocobalamin, 7β,8β-cyanocobalamin lactate) and other 5 unspecified impurities. All samples were analyzed at least twice and purity was calculated as 6 the average relative area of the cyanocobalamin peak. 7
Principal component analysis on Raman spectroscopic data 8
Principal components analysis (PCA) is a dimension reduction technique for quantitative 9 data. Given a set of data in more variables, with PCA it is possible to reduce the dimensions 10 of the problem down to two or three, keeping at the same time, enough information to capture 11 the inherent variability within the data. PCA is a method that models all the variations in the 12 data set using orthogonal basis vectors (eigenvectors) which are called principal components 13 in this analysis. 17 If is the × matrix of input data ( rows of spectra recorded at 14 wavelengths for example), PCA can decompose it in the following linear system: 15 Simple linear cooling was applied to the raw and recrystallized vitamin B12 and the results 6 were studied using FBRM and images from an optical microscope. The crystal size 7 distribution (CSD) was found to be strongly affected by the purity of the material used and 8 the cooling rate. Usually large crystals and a narrow crystal size distribution are preferred 9 because they facilitate the downstream operations (such as filtration, washing and milling). 10
For this reason a good quality CSD is characterized by large crystals of similar size. The 11 solvent used did not have a significant effect on the CSD but it affects the final purity of the 12 crystals. The effect of seeding was also analyzed and it was found that a slightly purer 13 material can be obtained at the end of the crystallization using purified seed. Figure 4 shows 14 the results of experiment 1 and experiment 2 described in Table 2 , in which raw vitamin B12 15 was crystallized from an ethanol/water mixture at two different cooling rates (-0.5 and -16 0.1 °C/min, fast and slow cooling). From the microscopic images of crystals at the end of the 17 two experiments (see Figure 4a and Figure 4b ) it can be noticed that in both cases the size 18 distributions look very broad with both small and large crystals; but a considerably larger size 19 is clearly generated by the slow cooling shown in Figure 4b . This behaviour is similar to what 20 normally happens for common pharmaceuticals such as paracetamol. [18] [19] [20] [21] In general, during a 21 fast cooling experiment, nucleation happens at high superaturation generating a large amount 22 of small nuclei while in a slow cooling experiment, few nuclei are nucleated at low 23 supersation. However, for paracetamol, a fast cooling generates a high number of total counts 24 from the FBRM due to the large number of nucleai generated at high supersaturation. In thecase of Vitamin B12 the trend seems to be the opposite, as shown in Figure 5a and b. In 1 experiment 1 (Figure 5a ) when slow cooling was used, the number of counts was lower than 2 in experiment 2 (Figure 5b ) which was conduced at a fast cooling rate. Furthermore, the 3 images from the microscope seem to contrast with the data from FBRM data since, clearly 4 less and bigger particles were generated using slow cooling (Figure 4b ) compared to fast 5 cooling (Figure 4a) . Additionally, the final square weighted mean chord length distribution is 6 higher for the fast cooling rate (Figure 5a ) than the slow one ( Figure 5b ). This discrepancy 7 between images and FBRM data is related to the needle shape of the vitamin B12 crystals. As 8 the particles grow in length, the shorter size of the crystals is counted by the FBRM more 9 times than the longer giving the erroneous larger number of counts for small crystal size 10 present in the vessel. A similar behavior for this probe was observed by Leyssens et al. for a 11 small needle-like molecule prodrug antagonist called CDP323-2. 22 
12
The longer the crystals are, the higher is the value of the total counts recorded by FBRM; and 13 that is the reason why slow cooling of raw vitamin B12 generated a higher value of the total 14 counts than fast cooling (70,600 #/meas. in the slow cooling against 44,000 #/meas. as shown 15
in Figure 4a cases in which a second major nucleation event happened during the cooling phase. The UV 17 signal dropped suddenly during the second nucleation and the counts increased at the same 18 time. This phenomenon appeared with both raw and recrystallized material, for seeded and 19 unseeded experiments and for both the solvents used. During these experiments growth was 20 so inhibited that supersaturation accumulated during the cooling until it reached a level at 21 which a second major nucleation event could happen. In these cases the final CLD is very 22 broad and many small particles are present as a result of this double nucleation as shown in 23 Figure 9 (for experiment 7). 24
Purity analysis using HPLC and Raman spectroscopy 1 A first qualitative screening of both the raw material and the crystals obtained by consecutive 2 crystallizations (with increasing purity as shown in Table 3 ) was performed using Raman 3 microscopy. The inert material filtered during the crystallizations was also analyzed. Figure  4 10a shows the Raman spectra of raw and filtered material; a strong fluorescence, due to 5 impurities can be noticed (high intensity and no defined peaks). It is interesting to observe 6 that just the filtration of the hot solution eliminates part of the fluorescent material. A loss of 7 fluorescence due to less impurity can also be noticed in the samples of the consecutive 8 crystallizations (Figure 10b ). The number and position of the peaks is the same for all the 9 samples but they tend to become broader and less intense as fluorescence (and, therefore 10 impurity) increases. In order to have some quantitative information from Raman spectroscopy 11 a principal component analysis was performed over the Raman spectra of the recrystallized 12 material, the raw material and the filtered one. Figure 11a The results of HPLC analyses of the samples from selected experiments out of those 3 performed are shown in Table 3 . A higher purity can be reached if slow cooling rates are 4 applied and seeding also helps in increasing the purification efficiency. The largest increase 5 in purity was reached using raw material in an ethanol/water mixture with seeding and slow 6 cooling (linear cooling experiment 14, increase in purity of 3.65%). The second 7 crystallizations (using purified material) as expected present a lower increase in purity; 8 however, even for this set of experiments, slow cooling and seeding helped reaching a higher 9 purity. The effect of the solvent on the final crystal size distribution is negligible but choosing 10 the suitable solvent seems to help increasing the purity of the product. It also seems not to 11 affect purification efficiency since the final purity of similar experiments in different solvents 12 is very close. distribution, but they also contribute to decrease the yield. Using PAT tools can help 21 understanding the characteristics of the studied compound and developing a correct 22 crystallization strategy to improve crystal size and purity of the final product. 23
It was found that impurities strongly affect the growth rate, promoting nucleation and, in 24 some cases, generating multiple nucleation events during the cooling profile. The final crystalsize distribution for these cases was found to be very broad, with very large crystals together 1 with significant amounts of fines. Slow cooling of very impure material increases the 2 probability of multiple nucleation events and, therefore, leads to a broad crystal size 3 distribution. However, slow cooling was found to generate more pure crystals compared to 4 fast cooling. The best quality of the crystals, in terms of size, was reached using already 5 crystallized material to prepare the solution and slow cooling rates. Seeding was also found to 6 help in increasing the purity of the final crystal while a change in the solvent composition did 7 not largely affect purity or final CSD. The needle shape of the vitamin B12 crystals also had 8 to be considered before interpreting the FBRM results. The growth of the long size of the 9 needles generates an increase in the FBRM total counts that can be confused with nucleation. Microscope image of the bigger crystals at the end of experiment 2 (slow cooling) (c) 12
Microscope image of the smaller crystals at the end of the experiment 2. 13 
